Introduction {#S0001}
============

The first reports on the application of ultrasonography in peripheral nerve assessment appeared in the 1990s and concerned carpal tunnel syndrome, i.e. compression of the median nerve^([@CIT0001],\ [@CIT0002])^. In the past decade, following the introduction of high-frequency transducers, ultrasonography has become an integral element in assessing patients with suspected peripheral neuropathies thus complementing routine diagnostic tests, such as clinical examination and electromyography (EMG)^([@CIT0003]--[@CIT0007])^. Due to the possibility to assess only short fragments of peripheral nerves, lower resolution (compared to a US examination), limited availability and high cost, high-field magnetic resonance is rarely used^([@CIT0008]--[@CIT0011])^. Peripheral neuropathies include those resulting from entrapment, trauma, peripheral nerve tumors and surgeries.

Entrapment neuropathies result from chronic compression of a peripheral nerve trunk, usually by fibrous bands and ligaments at the level of osseous and fibrous canals where the nerve runs. Another cause of these neuropathies may be soft tissue tumors (lipoma or fibroma), vascular changes (aneurysm, anatomic variants) or osseous changes, bony spurs. Compression may cause perfusion disorders and edema-like processes, and subsequently lead to the degeneration of the nervous tissue. A later consequence is function impairment, i.e. disorder in impulse conduction distally to the compression site.

The aim of the US examinations was to determine the level and cause of compression and assess the nerve trunk image at the site of pathology.

The analysis was based on the most common entrapment neuropathies excluding idiopathic carpal tunnel syndrome (CTS), which is extensively discussed in the literature.

Specific objectives were:to specify ultrasound features of peripheral nerve pathologies in terms of their qualification for surgical or conservative treatment;to determine the diagnostic value of ultrasonography in assessment of nerve pathologies with respect to clinical and surgical verification as well as results of functional examinations.

The article is the first part of a series of publications prepared on the basis of the author\'s doctoral dissertation entitled: *Usefulness of ultrasonography with high-frequency transducers in the diagnosis of peripheral neuropathies* (supervised by: Prof. Iwona Sudoł-Szopińska MD, PhD, defended on November 4, 2014 in Warsaw).

Material and methods {#S0002}
====================

The study was conducted in a group of 55 patients aged 7--83 (mean age 43.6) who in 2009--2011 were referred to ultrasound examinations due to a clinical suspicion of peripheral entrapment neuropathies. The group consisted of 28 females and 27 males. Patients were referred to a US examination by orthopedists, neurologists and physiotherapists. All patients gave a written consent to the participation in the study. The examinations were conducted in two health care facilities in Cracow: Intermed and TLK Med.

The US examinations were performed with Esaote MyLab 50 and MyLab 60 systems using high-frequency broadband linear transducers: 6--18 MHz (mainly of 12--18 MHz).

The US images were analyzed with respect to clinical signs (all patients) and EMG results (37 patients).

The analyses of the collected material were performed by means of descriptive statistics. Mean values of crosssectional areas and diameters for individual pathology groups were calculated. The ultrasound features of the peripheral nerves evaluated in the study, such as echostructure, notch sign and hyperemia, were divided into subgroups to determine the most common features of a US image of the nerves analyzed in the individual groups. Moreover, the frequency of occurrence of pain on compression with a transducer and instability of the ulnar nerve as well as angulation of the posterior interosseous nerve in a dynamic examination was calculated. The consistency of the US examinations with EMG tests, clinical examination and surgical verification was also checked. The values obtained were presented in the figures.

Results {#S0003}
=======

In the patients with symptoms of entrapment neuropathies, 55 pathologies were diagnosed in a US examination, which were then divided into four groups:carpal tunnel syndrome (CTS) -- 19 patients;ulnar nerve entrapment (cubital tunnel syndrome -- CubTS and Guyon\'s canal syndrome) -- 19 patients;posterior interosseous nerve syndrome -- 11 patients;other entrapment neuropathies -- 6 patients.

The cases of isolated idiopathic CTS were excluded from analysis due to the fact that there are numerous papers devoted to this type of neuropathy^([@CIT0001],\ [@CIT0004],\ [@CIT0012]--[@CIT0026])^. Only rare cases of CTS were included, such as CTS caused by a fracture of a forearm bone (3 patients), a case of bilateral CTS in a 7-year-old boy, a case of acute bilateral CTS symptoms and CTS caused by a thrombus in the persistent median artery. Moreover, the study also included the cases of CTS that accompanied other pathologies which were operated simultaneously (12 patients).

The mean age of patients in the groups was: 49 in Group 1 (CTS), 39.4 in Group 2 (CubTS), 37.5 in Group 3 (posterior interosseous nerve syndrome) and 51 in Group 4 (other entrapment neuropathies) ([fig. 1](#F0001){ref-type="fig"}).

![Mean age in individual categories of entrapment neuropathies](JoU-2014-0039-g001){#F0001}

Analyzed ultrasound features of the investigated neuropathies {#S20004}
-------------------------------------------------------------

### 1. Echostructure of the peripheral nerves

For the purposes of the analysis, the pathologically altered nerves were divided into four groups in terms of their echostructure:nerves with normal echostructure, i.e. with retained bundle structure, visible perineurium layer of individual bundles and epineurium of the nerve trunk ([fig. 2A](#F0002){ref-type="fig"}, [B](#F0002){ref-type="fig"});nerves with disordered (blurred) echostructure, i.e. with visible bundles but blurred perineurium outline ([fig. 3A](#F0003){ref-type="fig"}, [B](#F0003){ref-type="fig"});nerves with partially absent echostructure -- next to normal bundle structure, pathological tissue is visible ([fig. 4A](#F0004){ref-type="fig"}, [B](#F0004){ref-type="fig"});nerves with completely absent bundle echostructure -- advanced, long-lasting entrapment neuropathies ([fig. 5A](#F0005){ref-type="fig"}, [B](#F0005){ref-type="fig"}).

![Cross-section of a peripheral nerve with normal echostructure: **A**. diagram; **B**. US image](JoU-2014-0039-g002){#F0002}

![Cross-section of a peripheral nerve with blurred echostructure: **A**. diagram; **B**. US image](JoU-2014-0039-g003){#F0003}

![Cross-section of a peripheral nerve with partially absent echostructure: **A**. diagram; **B**. US image](JoU-2014-0039-g004){#F0004}

![Cross-section of a peripheral nerve with completely absent echostructure: **A**. diagram; **B**. US image](JoU-2014-0039-g005){#F0005}

### 2. Vascularization of the peripheral nerves

Normal nerves showed no signs of vascularization in a power Doppler examination. The presence of vessels was considered a sensitive indicator of neuropathy. Blood vessels were visible within the perineurium or epineurium ([fig. 6](#F0006){ref-type="fig"}).

![Ultrasound image of the median nerve with hyperemia](JoU-2014-0039-g006){#F0006}

### 3. Measurements

In large nerve trunks, the cross-sectional area was measured with the use of the manual contour tracing method. When examining small nerves, the diameters of their crosssections were measured. Due to the risk of errors resulting from trembling hands, three measurements were taken and the mean value was determined. The measurement lines were each time drawn at the level of the epineurium.

### 4. Notch sign in the nerve

The presence of an hourglass-like narrowing in the nerve trunk was seen in certain patients from Group 1, 2 and 3. This sign was visible when the transducer\'s footprint was applied longitudinally and when the nerve trunk was modelled by a fibrous structure running transversely to the nerve, i.e. transverse carpal ligament ([fig. 7](#F0007){ref-type="fig"}), arcuate ligament at the level where the ulnar nerve enters between the heads of the flexor carpi ulnaris ([fig. 8](#F0008){ref-type="fig"}) or the arcade of Frohse ([fig. 9](#F0009){ref-type="fig"}).

![Notch sign in the median nerve (arrows) at the level of the transverse carpal ligament](JoU-2014-0039-g007){#F0007}

![Notch sign in the ulnar nerve (arrows); humeral and cubital aspects of the flexor carpi ulnaris (asterisks)](JoU-2014-0039-g008){#F0008}

![Notch sign in the posterior interosseous nerve (arrow)](JoU-2014-0039-g009){#F0009}

### 5. Tenderness on palpation

When pathologies have been visualized in Groups 3 and 4, a compression with a transducer was applied to the altered nerve segment to see whether it provoked pain or paresthesia.

In multiple cases, these sites were consistent with the points used by clinicians in neuropathy diagnosis, analogously to the Tinel sign.

### 6. Stability of the ulnar nerve at the level of the humeral groove

During a dynamic examination, which consisted in flexion and extension of the arm at the elbow joint, it was observed whether the ulnar nerve was stable and remained in the groove, or whether it manifested features of instability by e.g. dislocation to the anterior surface of the medial epicondyle of the humerus (nerve dislocation) or no further than to the apex of the epicondyle (subluxation). Both these conditions were treated as a manifestation of instability. The examination involved transverse footprint application at the level of the ulnar nerve groove.

Based on clinical and US examinations, patients were qualified for either surgical or conservative treatment. Fifty-two patients were operated on, and 3 received conservative treatment.

In the case of chronic entrapment neuropathies, US images usually revealed edema and hyperemia of the nerve proximally to the compression site. In the longitudinal view, an hourglass-like narrowing of the nerve was observed, and in the transverse view, in a so-called "lift technique," a segmental change of shape was observed -- from oval to round, loss of echogenicity corresponding to this site and blurred bundle structure, which attested to the presence of edema. The tissues adjacent to the nerve were assessed in terms of possible pathologies that affected the nerve by socalled "mass effect," e.g. joint effusion, benign proliferative lesions or bony spurs (osteophytes). In situations of doubt, a contralateral extremity was scanned for comparison provided that there were no pathologies in the reference area. Certain indirect information on the condition of the nerve was also obtained by scanning the muscles innervated by this nerve.

Comparison of EMG and US findings {#S20011}
---------------------------------

Sixty-seven percent of patients underwent an EMG examination. The greatest number of such tests was conducted in Group 2 (100%), and the lowest number -- in Group 3 (chronic posterior interosseous nerve entrapment, 36.36%) and in Group 4 (chronic entrapment neuropathies, 16.6%).

A small number of examinations of the posterior and anterior interosseous nerves was a result of technical difficulties and a large number of false negative results in assessing less advanced changes. The RSNR was not assessed in the EMG test due to a too unambiguous clinical assessment (the nerve is purely sensory, and clinical and US examinations were diagnostic for the surgeon).

The EMG examination did not confirm the features of neuropathy detected in ultrasonography in 20% of cases (11 patients). The greatest number of errors in EMG was noted in the CubTS group (27.27%).

Discussion {#S0012}
==========

Entrapment neuropathies of the peripheral nerves are a numerous group of pathologies bordering neurology, orthopedics and traumatology. Patients with such conditions also report to rehabilitation clinics. For many years, the clinical assessment was the basis for diagnosing entrapment neuropathies of the peripheral nerves. In the 1940s, the diagnosis of peripheral nerve pathologies was expanded to include functional electromyographic tests^([@CIT0027]--[@CIT0029])^. Since the 1990s, ultrasonography has been gaining popularity. In the past decade, this examination has become the leading method for diagnosis of these pathologies and monitoring of their treatment.

In the author\'s own study, the median nerve manifested the following ultrasound features in the course of CTS ([tab. 1](#T0001){ref-type="table"}):

###### 

Frequency in which individual ultrasound elements occurred in patients with CTS symptoms
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Carpal tunnel syndrome (19 patients) {#S20013}
------------------------------------

the mean value of the nerve cross-sectional area CSAc -- 13.7 mm^2^, CSAp -- 8.6 mm^2^

An EMG examination was conducted in 14 patients and correlated with the US findings only in 11 cases, which is 57.9%. In 3 patients, the EMG result showed no abnormalities while the US revealed changes verified intraoperatively. Five patients did not undergo a neurophysiological examination.

In the world literature, the most common diagnostic criterion of CTS is the measurement of the cross-sectional area of the median nerve at two levels: at the site where it enters the carpal tunnel (CSAc) and at the level of the distal aspect of the pronator quadratus muscle (CSAp), or the measurement of its transverse dimensions at the level of the carpal tunnel^([@CIT0001],\ [@CIT0018]--[@CIT0022],\ [@CIT0024]--[@CIT0026],\ [@CIT0030]--[@CIT0032])^. Investigators also mention nerve echogenicity and vascularity assessment at the proximal level of the transverse carpal ligament^([@CIT0004],\ [@CIT0012],\ [@CIT0016],\ [@CIT0018],\ [@CIT0023])^. Some authors indicate the usefulness of measuring the thickness of this ligament^([@CIT0023])^ or assessment of the nerve shape in the transverse plane^([@CIT0014])^.

In the author\'s own study, the main diagnostic criterion was the difference inbetween CSAc and CSAp values -- this criterion was fulfilled by all the nerves examined. This median nerve assessment method was introduced by Klauser *et al*. in 2009^([@CIT0030])^. They examined 68 patients with CTS symptoms (100 wrists) and 58 healthy volunteers.

In patients with CTS, the mean CSAc was 16.8 mm^2^ and CSAp -- 9.5 mm^2^. The authors assumed that a 2 mm^2^ difference in the cross-sectional values at these levels was diagnostic for CTS. Using this criterion, they diagnosed CTS with the sensitivity of 99% and specificity of 100%. The results obtained by the aforementioned investigators are similar to the findings of the author in her own study. However, the CSAp and CSAc difference was the only parameter tested by Klauser *et al*. whereas the author of this study also included other criteria, as mentioned above.

Two years later, another article by Klauser *et al*. appeared regarding diagnostic criteria of the bifid median nerve neuropathies^([@CIT0031])^. In such cases, the authors decided that a diagnostic difference between CSAp and a total of the cross-sectional areas of both branches of the nerve as they entered the carpal tunnel was 4 mm^2^. The sensitivity and specificity of the US examination in identifying CTS for this value was 92.5% and 94.6% respectively.

In the author\'s own study, the bifid nerve was observed in 4 patients: in 3 persons, it manifested features of neuropathy, and in 1 -- the ultrasound image was normal. The differences between CSAp and the sum of CSAc of both branches of the nerve measured in the 3 patients were 4 mm^2^, 5 mm^2^ and 8 mm^2^ respectively.

The difference values of CSAp and CSAc in Group 1a (CTS) were similar to those obtained by Klauser *et al*.^([@CIT0030],\ [@CIT0031])^, and in the author\'s own study amounted to 8.6 mm^2^ and 13.7 mm^2^. In the material of Klauser *et al*., CSAp of patients with less advanced changes (41% of examinations) amounted to 9.1 mm^2^ and CSAc was 14.4 mm^2^; in those with highly advanced changes (59%), CSAp was 9.7 mm^2^ and CSAc -- 18.5 mm^2^. In the author\'s own study, only 6 of 19 patients manifested clinical signs and had EMG results that could indicate considerable advancement of neuropathy (31.7%).

Until Klauser *et al*. published their two papers^([@CIT0030],\ [@CIT0031])^, the leading CTS diagnostic criterion was the measurement of CSAc only, the values of which ranged from 9--14 mm^2^ and the sensitivity and specificity ranges were 82--94% and 65--97% respectively^([@CIT0018]--[@CIT0023])^. In the studies conducted in the Polish center, published in 2013, the CSAc values amounted to 17.6 mm^2([@CIT0028])^. In the papers published earlier, the results varied considerably as well.

The pioneer reports regarding ultrasonography in CTS diagnosis appeared in 1992^([@CIT0001])^. The Austrian authors presented the results of US examinations performed with the use of 7 MHz transducers in 18 patients with CTS symptoms (in the author\'s own study the transducer frequency was 18 MHz). They measured two transverse dimensions of the nerve trunk and its cross-sectional areas at three levels: at the DRUJ joint (distal radioulnar joint which is currently referred to as CSAp both in the literature and in the author\'s own study), the pisiform bone (CSAc) and the hook of the hamate bone. The diagnosis was made on the basis of three criteria: increase in the cross-sectional area of the median nerve at one of the three levels, flattening of the nerve trunk in the longitudinal section and the presence of palmar bulge of the transverse carpal ligament. The mean cross-sectional area of the median nerve at the level of the pisiform bone was 8.1 mm^2^ (it was lower than in the author\'s own study and in the contemporary articles presented above), nerve flattening -- 2:7 (the ratio of the AP dimension to the lateral one), and palmar bulge exceeded 2.1 mm. The last two criteria are not currently used due to their low sensitivity and specificity.

Another study conducted in the 1990s resulted in different outcomes than those mentioned above^([@CIT0021])^. Duncan *et al*., in their study conducted in a group of 68 patients with median nerve neuropathy symptoms, assumed that CSAc diagnostic value was 9 mm^2^. The measurements were made at the level of the pisiform bone, and the examinations were conducted with probes with the frequency of 7--10 MHz.

In the same year (1999), Lee *et al*. decided that CSAc of 15 mm^2^ should be considered a diagnostic values (this value is comparable with the one used in this study and by Klauser *et al*.)^([@CIT0029])^. The reason for such discrepancies between the values obtained in the aforementioned studies could, apart from technical aspects (low frequency of the probe compared to contemporary studies), lie in a different method of taking the measurements. Only few publications indicate that the nerve contour tracing should encompass the line of the epineurium (i.e. not its internal or external aspects)^([@CIT0030])^.

In 2000, Sarría *et al*. assumed that CSAc of 11 mm^2^ should be the diagnostic value of CTS^([@CIT0032])^. They conducted ultrasound examinations of 64 wrists with symptoms of the median nerve compression confirmed in neurophysiological tests. The sensitivity of this criterion reached only 60%. The sensitivity of the flexor retinaculum bulging above 2.5 mm was also low (69.2%). Moreover, the Spanish authors failed to confirm the diagnostic value of nerve flattening. Since such a conclusion is consistent with the author\'s own observations, this element of the US median nerve image was not used in this study.

In 2004, Altinok *et al*. decided that the diagnostic value of the median nerve cross-sectional area which is a reliable indicator of CTS should be 9 mm^2([@CIT0025])^. This was based on US examinations conducted in 26 patients with CTS symptoms, including 14 bilateral cases. The value assumed by the authors was similar to the one proposed several years before by Duncan *et al*.^([@CIT0021])^ The authors measured the median nerve cross-sectional area at three levels (DRUJ, pisiform bone and the hook of the hamate bone). Moreover, they also analyzed the carpal transverse ligament bulging and flattening of the nerve in the longitudinal section. The most sensitive diagnostic parameter for CTS (sensitivity of 72.5%) was nerve edema calculated as the ratio of the cross-sectional area at the distal level to the proximal one (DRUJ and the hook of the hamate bone). The sensitivity of the cross-sectional area exceeding 9 mm^2^ measured at the level of the pisiform bone was 65%, and the sensitivity of bulging above 2.5 mm -- 62.5%. Although the authors did not present the measuring methods of this criterion in detail, the only explanation of such a low sensitivity of the cross-sectional area may be inadequate measuring method (along the internal outline of the epineurium).

In 2004, a Polish publication based on 52 patients and 44 controls appeared^([@CIT0012])^. The cross-sectional area and echogenicity of the median nerve were assessed at the level of the pisiform bone. For the cross-sectional area above 9.3 mm^2^, the sensitivity of ultrasonography in CTS diagnosis was 92.1%, and the sensitivity of the parameter associated with nerve trunk thickness reduction in the longitudinal projection was 92.1% as well. In the author\'s own studies, the cross-sectional area was larger and amounted to 13.7 mm^2^. In this case, the reason for the differences was probably the lower frequency of the transducer used by the authors -- 6--11 MHz. Lower echogenicity was demonstrated in 82.9% of patients, which is similar to the percentage obtained in the author\'s own study (78.9%).

Furthermore, the discrepancies between the results of the next paper and author\'s own outcomes should be also explained with the lower frequency of the US probe used. Having analyzed 221 patients (319 wrists) in 2005, Koyuncuoglu *et al*. assumed that CSAc value of 8.83 mm^2^ is the diagnostic value (sensitivity 89%, specificity 94.7%)^([@CIT0033])^. The authors used the transducers with the frequency of 5--12 MHz, and the measurements were taken at the level of the pisiform bone.

In 2009, Polish authors^([@CIT0013])^ obtained a slightly higher value of the median nerve cross-sectional area, but it was still lower than the one obtained in the author\'s own and Klauser\'s studies^([@CIT0030])^. The median nerve cross-sectional area that indicated CTS was higher than 10 mm^2^ (CSAc) (sensitivity 74.5%, specificity 88%). Furthermore, the authors, as the first ones in the literature, drew attention to radial "sliding" of the nerve, which was observed in 68% of patients. This sign was neither observed by other investigators nor in the author\'s own study.

In 2011, another Polish team analyzed the results obtained in 139 examinations conducted in 76 patients with features of CTS confirmed in electrophysiological tests and in 25 examinations conducted in 14 healthy volunteers^([@CIT0014])^. The authors evaluated the parameter that was not included in the author\'s own study, i.e. the shape of the cross-section of the nerve at the level of the carpal tunnel. In patients with abnormal results of electrodiagnostic tests, a triangular cross-section was visualized in 13 of 118 cases (11%), whereas in patients with normal electrodiagnostic result, such a shape was observed in only 2 of 21 cases (9.5%). Such a deformation was not observed in any of the healthy volunteers. In the author\'s own opinion and according to other investigators, the relevance of this criterion seems dubious since the shape of the median nerve at the level of the carpal tunnel undergoes natural changes depending on the flexion angle of each finger (in metacarpophalangeal joints as well as proximal and distal interphalangeal joints), flexion angle of the wrist, supination degree and even on the flexion angle of the elbow joint (since it affects the pressure in the carpal tunnel). Therefore, determining the standard position of the upper extremity for the examination seems problematic and difficult to reproduce. Moreover, the assessment of the nerve\'s shape is subjective, and distinguishing oval from triangular shapes is frequently not feasible.

In 2013, the authors from Cracow, Poland, published a review on the ultrasound assessment of the median nerve^([@CIT0017])^. They presented criteria for pre- and postoperative assessment and used the same criteria as in this study. In the same year, a research team from Szczecin, Poland, conducted a study that included 113 patients^([@CIT0028])^. The mean cross-sectional area of the median nerve at the forearm was 9.9 mm^2^ and at the level of the entry to the carpal tunnel -- 17.8 mm^2^. The values were similar to those obtained in the author\'s own study. The authors drew attention to the fact that the relevance of ultrasonography largely depends on the examiner, the frequency of the transducer and assumed diagnostic criteria (the level and methods of taking the measurements as well as the assumed limit values).

In the author\'s own material, 14 patients (73.4% of all patients from the Group 1a) reported for a US examination with a result of a previously conducted EMG test. In 11 cases, the abnormal result of the functional examination correlated with the US image and intraoperative picture, which constitutes 57.9% of all patients who underwent the EMG examination. In 3 persons (15.8%), however, the EMG result was normal despite the presence of clinical symptoms, ultrasound signs and intraoperative picture. A similar comparative analysis was conducted by Altinok *et al*. and demonstrated that the ultrasound image was abnormal in as many as 85--100% of patients with conduction disorders, and in the case of normal EMG reading -- in 30--55% of cases, i.e. more frequently than in the author\'s own study^([@CIT0025])^.

A high correlation of EMG and US examinations in the context of CTS was also proven by other authors^([@CIT0026],\ [@CIT0034]--[@CIT0035])^, who noted^([@CIT0035])^, however, that ultrasonography does not allow conclusions about advancement of changes to be drawn. A year before, the authors from a different center questioned the relevance of ultrasonography, not only in correlation with electrophysiological testing, but also as a diagnostic tool in CTS^([@CIT0036])^.

Furthermore, in a very interesting article published in 2005, Turkish authors analyzed a group of 221 patients (319 wrists) with clinical symptoms of carpal tunnel syndrome^([@CIT0033])^. Although the neurophysiological tests were normal in 49 patients (59 wrists, 22.2%), almost 30% manifested CTS signs in a US examination. The authors concluded that in early stages of CTS when EMG results are normal, ultrasonography is a valuable diagnostic tool. A difference between the author\'s own results and those quoted above may be associated with too few patients in the early stage of the disease (only 3 cases) in the author\'s own study. Moreover, discrepant opinions on the correlation of US and EMG can be also found in several Polish publications^([@CIT0014],\ [@CIT0028])^.

In this study, the result of the US examination was false negative in one patient. The patient reported complex pain symptoms and sensation disorders associated with the metacarpus injury sustained in the past with a power saw. The injury resulted in damage to the digital nerves, tendons and metacarpal bone fracture. Despite five repair and revision surgeries, the symptoms exacerbated. Based on US findings, the patient was qualified for a procedure to manage neuromas of the digital nerves. A US examination determined the localization and size of the neuromas, which was confirmed intraoperatively. One of the neuromas was dislocated to the radial surface of the first lumbrical muscle. The result of the US examination provided important information for the operator. The median nerve was normal in the US image, but intraoperatively the surgeon detected compression at the level of the carpal tunnel and performed transverse carpal ligament reconstruction. After the procedure, pain symptoms subsided temporarily but subsequently recurred. It is hard to assess whether this was the result of the surgical procedure of the neuromas or of the carpal tunnel.

In one case, an acute thrombus of the persistent median artery was identified as the cause of CTS. During the US examination, the nerve was thickened, presented a blurred bundle echostructure, showed features of hyperemia and modelling by the transverse carpal ligament. No flow was seen in the persistent median artery. A wait-and-see attitude was assumed, and the treatment with low-molecular- weightheparin, anti-inflammatory drugs and anti-edema medications was instituted. A complete recanalization of the artery was not achieved, but neuropathic symptoms subsided after 3 months of treatment, and a US image of the median nerve improved. A similar case was also reported in the literature^([@CIT0015])^.

Ulnar nerve compression syndromes (19 patients) {#S20014}
-----------------------------------------------

In the group of analyzed entrapment neuropathies, chronic compression of the ulnar nerve was observed in 19 patients: in 14 cases the compression occurred at the level of the arcuate ligament, in 2 patients -- at the level of the inter- muscular septum, in further 2 patients the accessory anconeus muscle was found, and in 1 patient the accessory abductor digiti minimi was observed and compression at the Guyon\'s canal was identified. Of 19 cases, 4 patients manifested instability of the nerve at the ulnar groove on dynamic US examination.

In one patient, the pathology occurred at two levels, i.e. compression occurred at the level of the humeral groove and at the Guyon\'s canal. The cause of entrapment at both levels was the presence of accessory muscles (accessory anconeus muscle and accessory abductor digiti minimi). The EMG test revealed abnormality only at the level of the groove.

In one case of ulnar nerve edema at the level of the humeral groove, the referring physician decided about ultrasound-guided iniection of 1 ml of anti-inflammatory steroid drug (Diprophos) to the area of the nerve. The neuropathic symptoms subsided. The author has not found a report of a similar procedure in the literature.

In the ultrasound assessment, the mean cross-sectional area of the ulnar nerve at the level of the groove amounted to 12.6 mm^2^ (range: 6--22 mm^2^), and hyperemia at the site of the visualized thickening was present in 15 patients (78.9%). Disordered bundle echostructure, as a sign of edema and degenerative changes of the bundles, was observed in 17 patients (89.5%), and its absence was identified in 2 cases (10.5%) ([tab. 2](#T0002){ref-type="table"}).

###### 

Frequency in which individual ultrasound elements occurred in patients with CubTS symptoms
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EMG tests were conducted in all patients. In 15 cases, the tests confirmed the pathology (78.9%), and in 4 cases, EMG revealed normal conduction (21.1%) despite the presence of clinical symptoms and abnormal US image. The US image was verified intraoperatively in each case.

In one of the first studies on this syndrome (14 symptomatic patients and 10 controls) published in 1988, the normal cross-sectional area of the ulnar nerve at the level of the groove was 6.8 mm^2^, and proximally (at the forearm) -- 5.4 mm^2([@CIT0037])^. The criterion for CubTS diagnosis was the value of 7.5 mm^2^ (measured at the level of the groove) -- it was much lower than the value used in the author\'s own study. Perhaps, the reason for such discrepancies was the lower frequency of the probe used by the authors of the study (7.5 MHz). Nonetheless, the authors drew attention to the presence of physiological dilation of the nerve outlines at the level of the groove.

Moreover, in another paper published in 2004, the mean cross-sectional area of the normal ulnar nerve at the level of the condyle of the humerus was lower than in the author\'s own study and amounted to 7.9 ± 3.1 mm^2([@CIT0038])^. The investigators also drew attention to sex-related differences in cross-sectional areas, particularly in 20--40 age range. In the author\'s own assessment, the mean crosssectional area in 13 men was 12.5 mm^2^ and in the group of 6 women, it was slightly higher and amounted to 12.8 mm^2^.

Wiesler *et al*., in the study published in 2006 and conducted in the group of 14 patients (15 elbow joints) with symptomatic ulnar nerve neuropathy at the level of the groove and 60 asymptomatic individuals, demonstrated that the cross-sectional area was 6.5 mm^2^ in the asymptomatic group and 19 mm^2^ in the symptomatic group^([@CIT0039])^. The pathological value obtained by the authors places itself in the upper range of the values obtained in the author\'s own study (range 6--22 mm^2^), which could result from more advanced neuropathy. According to the authors, the limit value for a cross-sectional area was 10 mm^2^; the sensitivity in CubTS diagnosis was 93%, and specificity -- 98%.

Two years later, Yoon *et al*. evaluated 26 patients and 30 controls^([@CIT0040])^. They determined the ratio of the cross-sectional area of the ulnar nerve at the level of the groove to the area measured proximally to the groove. An abnormal value, that diagnosed CubTS, was 1.5/1 ratio and cross-sectional area of the ulnar nerve at the level of the groove of 8.3 mm^2^ (sensitivity 100%). The mean cross-sectional area of the ulnar nerve at the level of the medial condyle of the humerus was 18.6 mm^2^, which considerably exceeded the value determined in the author\'s own study. As with the previous report, this could result from the fact that 50% of Yoon\'s *et al*. patients were in an advanced stadium of the neuropathy (in the author\'s own paper this percentage was only 31.6%).

In 2009, Italian investigators demonstrated that the cross-sectional area of 11.1 mm^2^ was the basis to diagnose mild neuropathy (in 36% of patients), 15.8 mm^2^ -- to diagnose moderate neuropathy (38% of patients) and 18.3 mm^2^ -- to identify advanced neuropathy (26% of patients)^([@CIT0041])^. They used transducers with the frequency of 12 MHz. The sensitivity and specificity of ultrasonography in CubTS diagnosis were 88%. These results are consistent with those obtained in the author\'s own study and may indicate that, apart from the specificity of the examined group (stadium of the disease), the frequency of the US transducers, available in the past several years, had a significant influence on the results.

The prevalence of the accessory anconeus muscle in the population varies from 3 to 28% depending on the source^([@CIT0042])^. The opinions concerning the influence of this muscle on CubTS symptoms at the level of the groove are divergent. It is generally believed that its presence does not condition neuropathy but merely predisposes to it. Single cases of compression syndromes associated with the presence of the accessory muscle were published in 2012 and 2013^([@CIT0043],\ [@CIT0044])^. In the author\'s own paper, two cases of the accessory anconeus muscle were identified. In one of them the belly of this muscle was considerably thickened, and the ulnar nerve at the level of the groove showed the features of edema, hyperemia and disordered echostructure. Moreover, at the level of the Guyon\'s canal, the accessory abductor digiti minimi was found as well.

Instability of the ulnar nerve was found in 22.2% of cases (in 4 of 19 patients). The degree of luxation (i.e. subluxation to complete dislocation) was not differentiated since it was assumed that in both situations the irritation of the nerve was sufficient for a neuropathy to develop. One of the first papers in the world literature concerning dynamic US examination conducted in two patients with ulnar nerve subluxation appeared in 2003^([@CIT0045])^. Seven years later, a broader review was presented by Filippou *et al*.^([@CIT0046])^ Their results were based on 91 patients with symptoms of ulnar nerve neuropathy at the elbow joint. They demonstrated that ulnar nerve subluxation occurred in 18.7% of patients, dislocation to the anterior surface of the epicondyle -- in 9.9% and the accessory muscle was present in 8.8%. Ulnar nerve subluxation must be carefully differentiated from snapping of the medial head of the triceps over the epicondyle. Clinically, both conditions are similar -- there is a palpable dislocation of the structure in the medial cubital compartment on its flexion. The instability of the ulnar nerve in the "snapping elbow" context was discussed by Okamoto *et al*. in 2000 and Jacobson *et al*. in 2001^([@CIT0047],\ [@CIT0048])^. In the former paper, the authors performed US examinations of 200 elbows of healthy volunteers and found that nerve subluxation (dislocation towards the apex of the epicondyle) occurred in 27% of cases, and a full dislocation (towards the anterior surface of the epicondyle) occurred in 20% of cases. These results are considerably different from the author\'s own observations and investigations of other authors, which may result from demographic differences in the Japanese population. It seems less likely that the difference could be associated with the lower frequency of the transducer used in the US examinations (7.5 MHz).

Jacobson reported three cases of "snapping elbow" identified in a US examination. In the author\'s own study, there were no cases of this condition -- each patient with ulnar nerve instability at the cubital level was also evaluated for the presence of this pathology.

Posterior interosseous nerve syndrome (11 patients) {#S20015}
---------------------------------------------------

The group of patients with posterior interosseous nerve entrapment consisted of 11 patients, including 7 cases in which compression was caused by the bands of fascia and 4 cases in which entrapment was caused by the crossing vascular bundle. EMG tests were conducted in four patients, but the US findings were confirmed in merely one case; in the remaining cases the EMG was normal. In all patients, compression applied with the US transducer at the site of the visualized pathology induced characteristic severe pain. The diameter of the nerve at its entry to the supinator muscle ranged from 1.2 to 2.7 mm (mean 2.0 mm) ([tab. 3](#T0003){ref-type="table"}). Due to the small size of the nerve, the assessment of its cross-sectional area and vascularity was not reliable.

###### 

Frequency in which individual ultrasound elements occurred in patients with symptoms of chronic PIN neuropathy
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In the past years, posterior interosseous nerve entrapment has been discussed in several publications. One of the first papers was prepared by Bodner *et al*. in 2002^([@CIT0049])^. Having compared the US images of 4 patients with PIN symptoms and 10 healthy volunteers, the authors demonstrated an increase in the diameter of the nerve to approximately 3.3 mm (anteroposterior diameter) in patients with the symptoms of a entrapment neuropathy, whereas the diameter in healthy individuals amounted to 1.3 mm. All cases of PIN neuropathy observed in US examinations were verified intraoperatively and in neurophysiological tests. In the subsequent years, single reports appeared that confirmed the effectiveness of ultrasonography in preoperative PIN assessment^([@CIT0050],\ [@CIT0051])^.

In the author\'s own paper, a group of patients with PIN neuropathy was larger compared to previous reports. The mean diameter of the nerve was 2.0 mm. Ten patients were operated, and the intraoperative picture verified the pathology visualized in the US examination. Rehabilitation was recommended in one case, with a good final outcome.

An evident difference between the diameters of the nerves measured in the author\'s own study and in certain papers quoted above may result from the fact that in the author\'s own study the measurements were performed along the epineurium line whereas in the remaining papers, this element of the methods was not specified. The fact that the measurements were made by marking the outer outline of the epineurium cannot be excluded. Moreover, the investigators conducted US examinations with the use of 12 MHz probes, whereas in the author\'s own study high- frequency probes were used (18 MHz), which is of particular significance in the case of slight structures, such as the PIN.

In 2010, the American investigators drew attention to the phenomenon of physiological change of shape of the nerve at the entry to the supinator muscle^([@CIT0052])^. They described 50 elbows in 47 asymptomatic patients and found that despite nerve flattening at its entry to the supinator muscle, its cross-sectional area does not change in a significant way. In the author\'s own opinion, measuring the cross-sectional area is burdened with a considerable statistical error due to minute size of this nerve.

In 2013, a paper concerning PIN entrapment appeared^([@CIT0053])^. It was based on 13 symptomatic patients. The results were compared with a group of 20 healthy volunteers. The diameters of the nerve at its entry under the supinator muscle were consistent with those observed in the author\'s own study (2 mm in symptomatic patients vs 1.1 mm in healthy volunteers).

The author of this study assessed PIN neuropathy in a static US examination and used also the elements of a dynamic test. The dynamic assessment of this condition (which is normally used for assessment of posttraumatic changes and in postoperative follow-up) in a preoperative diagnosis of entrapment neuropathies was a novelty considering previous reports. During pronation and supination movement, US showed nerve angulation at its entry to and exit from the supinator muscle or at the level of the neurovascular bundle. Angulation was observed in 7 patients (67.6%). To date, only Martinoli *et al*., in 2004, drew attention to the relationship of the shape of the nerve and the position of the forearm in which the nerve is assessed^([@CIT0052])^.

Moreover, it was attempted to induce pain by precise ultrasound-guided palpation in each patient. This element of assessment was also omitted in previous studies despite the fact that, according to the author of this paper, it contributed to diagnostic certainty (all neuropathies diagnosed were surgically verified).

Anterior interosseous nerve (AIN) syndrome {#S20016}
------------------------------------------

AIN entrapment neuropathy was identified in one case -- in a 37-year-old woman who, based on US findings, was qualified to a two-level decompression procedure: of the median nerve at the carpal tunnel and the AIN in its initial segment. EMG tests conducted prior to the procedure indicated only the median nerve compression at the carpal tunnel. The US findings were verified intraoperatively.

The problem of ultrasound diagnosis of AIN entrapment syndrome was discussed in merely several publications. The first one appeared in 1999^([@CIT0054])^. The authors presented a case of a 44-year-old female who underwent a US and MRI examinations. In the authors' opinion, the major diagnostic criterion was the mass and echogenicity of the muscles innervated by this nerve (flexor pollicis longus, pronator quadratus and flexor digitorum profundus of the second digit), compared in two extremities. The relevance of this criterion is also indicated by other authors^([@CIT0005],\ [@CIT0007])^. Another interesting aspect of this paper was the assessment of muscle vascularity with the use of the Doppler mode while resting and following physical exertion^([@CIT0054])^. While resting, single vessels were visible whereas the examination conducted after physical exertion showed the absence of flow in the symptomatic extremity and hyperemia in the contralateral one. When comparing US findings with MRI results, the authors drew attention to an objective character of morphology assessment of the innervated muscles in MRI. Ultrasonography, in turn, enabled a simple and non-invasive functional assessment of muscle perfusion degree (i.e. while resting and after physical exertion). In the author\'s own study, vascularity of the muscles was not assessed. Nevertheless, this parameter seems to be an important diagnostic criterion which will broaden the author\'s methods in the future. The investigators decided that the direct assessment of the nerve trunk was not possible, which probably resulted from the unavailability of high-frequency transducers at that period. A similar situation occurred in another study^([@CIT0007])^. Thanks to using highfrequency transducers, the nerve morphology assessment was one of the criteria for its evaluation in the author\'s own study and in other contemporary studies^([@CIT0005])^.

Neuropathy of the superficial branch of the radial nerve (RSNR) {#S20017}
---------------------------------------------------------------

The features of Wartenberg\'s syndrome, i.e. RSNR neuropathy at the level where it crosses the first extensor compartment, was found in three patients. In one case, it was caused by a ganglion of the retinaculum of this compartment, and in two patients -- by a thickened retinaculum in the course of de Quervain\'s disease.

In one case, the US result was false negative. No nerve pathology was observed, but the patient was operated due to local clinical signs and ineffectiveness of the previous conservative treatment. Intraoperatively, features of RSNR neuropathy were observed. Following the procedure, the symptoms did not subside, and the surgeon had probably misinterpreted the nerve thickening as pathology and not as an anatomic variant. After 11 months, a follow-up US examination showed no change of the RSNR compared to the preoperative image.

In the author\'s own study, the diameter of the nerve was measured instead of the cross-sectional area since the risk of error was too high with manual contour marking (as with the PIN). The mean diameter of the RSNR was 2.5 mm (0.7--4 mm) in patients with Wartenberg\'s syndrome. Moreover, all patients with RSNR neuropathy manifested a considerable tenderness to compression with a US transducer.

There are few publications concerning the US image of the RSNR. One of the first studies involved 20 asymptomatic patients; the cross-sectional area of the nerve was measured^([@CIT0055])^. In two patients, pathological lesions were observed (neuroma and schwannoma). The largest study in terms of the number of patients was presented by the investigators from India in 2010^([@CIT0056])^. They examined 60 forearms of fresh cadavers and conducted an ultrasound examination, dissection and histological analysis. During the US examinations, the following were assessed: the cross-sectional area of the nerve, number of bundles, nerve trunk vascularization, area of the local adipose tissue and sum of cross-sectional areas of individual bundles. The histological analyses revealed that the number of bundles visible in the US examinations was consistent with the actual situation (6--12). The authors noted that the amount of the adipose tissue in the nerve was greater in older subjects and in the proximal segments of the nerve. The assessment of the adipose tissue area and areas of individual bundles occurred to be unreliable. Due to the small size of nerve and a risk of error, the author, in her own study, did not assess vascularity or bundle structure of the nerve.

Conclusions {#S0018}
===========

High-frequency ultrasonography is a valuable modality in qualifying patients to surgical procedures or conservative treatment of entrapment neuropathies of the peripheral nerves.The ultrasound features of peripheral nerve defects which in the author\'s own study occurred to be the most relevant in terms of qualifying patients for surgical or conservative neuropathy treatment were:diameter or cross-sectional area of the nerve at the site of the visualized pathology;nerve echostructure, hyperemia;presence of instability in a dynamic US examination;pain reaction to nerve compression with the transducer.The results of clinical and surgical verification were consistent with the ultrasound findings in 98.6%. Inconsistency was observed in 2 patients.
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